Introduction
Intracranial diseases of the newborn and infant, especially hydrocephalus, involve some disturbance of cerebrospinal fluid circulation which leads to abnormal dilatation of the ventricle and an increase of intracranial pressure (ICP) as the main clinical signs. Today RI cisternography, metrizamide CT cisternography, and other techniques have been established to observe the circulation and absorption of the cerebrospinal fluid. CT scanners reveal the intracranial morphology safely and easily and are widely used. The remaining problem in the diagnosis and followup of hydrocepalus is to develope a method to safely and easily measure ICP. Since the ICP is a dynamic parameter that changes with other biological changes in the body, such as arousal, sleep, tension, crying, body fluid change, a simple technique like lumbar puncture may be insufficient. Invasive techniques like ventricular puncture or epidural pressure monitoring are not suitable for routine studies. Wealthall and Smallwood (1974) reported a method of measuring ICP via the anterior f ontanelle with an APT-16 transducer using the applanation method (manufactured by Hewlett-Packard Company). We have frequently used this method on infants.
Although the APT-16 transducr has sufficient accuracy, it is difficult to fix because of its weight and shape. After reexamining the advantages and disadvantages of APT-16 transducer, a new apparatus of the applanation type was developed to measure intracranial pressure with a paper strain gauge based on the principle of an adhesive resistance strain gauge (Fontanelle pressure sensor: F. P. sensor, manufactured by Sanei-Sokki Inc. This principle has already been applied to an ophthalmic tonometer. When an area (A) is pressed flat with a force (W), the tension (T) of the scalp over the anterior fontanelle is exerted in a tangential direction (X axis), and therefore does not become a counter-force of (W) in the direction of Y axis. It is a vector unrelated to the intracranial pressure. Further if the volume displaced by the applanation surface (A) is sufficiently small, the increase of intracranial pressure (P) is negligible.
Then the Imbert-Fick equation, W/A=P (pressure per unit area), is applicable providing the objects are relatively elastic and spherical, such as the eyeball and the infantile cranium (Fig. 1) .
Apparatus
The apparatus for measuring the ICP consists of a transducer and a pressure indicator. The transducer has a foot plate with an out ring and a central plunger. It is important that the foot plate and plunger are on the same plane (Shojima, 1980) . The inner structure of the transducer is shown in Fig. 2 . A thin spring plate of phosphorus bronze is connected to the plunger and to paper strain gauges (Fig. 2) . The mode of pressure transmission is as follows. Pressure on the central plunger is transmitted to the spring plate. The strain in the direction of Y axis is detected by the 4 paper strain gauges and amplified. The thickness of spring plate can be changed arbitrarily between 0. 10 and 0. 25 mm. In a preliminary study to decide the most suitable thickness of spring thickness was used. Because the gain is narrow with the amplifier, sufficient adjustment could not be made. The baseline pressure was 140 mmH2O rather than the conventional pressure of 100 mmH2O, but otherwise the linearity was satisfactory (Fig. 4) .
It was ascertained that sufficient linearity and sensitivity were obtained when plungers with a diameter of 6 mm or more were used. In addition, the non-linear relationship with the 3 mm plunger was used as a model for the skull. A round opening was made in the top of the flask, and covered with a rubber membrane to imitate the "anterior fontanelle".
The inner flask pressure was changed by changing the fluid level in a connecting reservoir (Fig. 5) .
The properties of this "fontanelle" model system were studied.
Several ma-terials were used, including a condom, a surgical rubber glove, a rubber sheet with little elasticity, a rubber glove with mouse skin, and a rubber glove with infant's back skin. The flask pressure was measured with a F. P. sensor via the "fontanelle". The results are shown in Fig. 6 . Even with a rubber sheet and mouse skin, which is far from ideal, Y was equal to 1.006X+0.597 this nearly corresponds to a straight line, Y=X. The correlation was 0.993. With a relatively elastic condom or surgical glove, the error of measurement was negligible (Fig. 6 ). From these results, when the human anterior fontanelle scalp has a certain degree of elasticity, the measurement of pressure with the F. P. sensor over the scalp probably reflects the absolute ICP.
The size of round window in the flask was changed from 3 cm to 5 cm. In both cases, a rubber sheet with little elasticity was used for the "fontanelle".
The measurement was very accurate (Fig. 7) . This suggested that a difference in size Fundamental experiment (I ) Correlation in two artificial fontanelle materials of the anterior fontanelle is unlikely to cause an error in measurement. Next, the inner pressure was measured simultaneously, with the fontanelle pressure. The fontanelle pressure was measured with the APT-16 transducer or F. P.-sensor, and the inner pressure was measured directly with a Statham P-36 pressure transducer.
Both the APT-16 transdcer and F. P. sensor produced the same pressure values as the Statham P-36. However, when a sudden change of pressure occurred, the APT-16 and F. P. sensor tended to generate slightly higher amplitudes than the Statham P-36 transducer (Fig. 8) . This is probably attributable to a difference in the frequency-response characteristics. 1) A decrease in the frequency-response of the system, including compliance at 20-30 Hz, occurred with the Statham P-36 transducer, and 2) an enhancement of the frequency-response of the system at approximately 100 Hz occurred due to the high resonance frequency with the APT-16 or F. P. sensor. 
Results of simultaneous measurement of ventricular pressure
To evaluate the reliability of the F. P. sensor clinically, ventricular pressure was measured with a Statham P-36 transducer by ventricular puncture and the ICP was simultaneously determined with an F. P. sensor via the anterior fontanelle in a patient with hydrocephalus.
The subjects were hydrocephalic patients, 1 and 13 months of age. There were differences in the elasticity of the scalp over the anterior Fig. 11 cated by hydrocephalus. Since this recorder has a range beyond 550 mmH2O, 1/2 gain was used (Fig. 11) .
Discussion
Many measurements of ICP via the anterior fontanelle or the scalp defect have been described, and the methods of measurement are summarized in Table 2 . The characteristics have been already reported in detail by Hayashi (1975) . Wentzler (1922) measured the anterior fontanelle pressure by improving SChiOtzs tonometer. This method is simple, but is limited to use in the sitting position, which leads to extremely low and incorrect values. The method of Purin (1964), using Marey's tambour, is theoretically accurate and can be applied clinically, but some training is necessary for measurement.
Also, the anterior fontanelle must be relatively large, and continuous measurement for long durations is impossible, even though necessary to determine the ICP. The reproducibility is poor. Weathall and Smallwood (1974) used the APT-16 transducer, an applanation transducer based on Imbert- Shojima (1930) and Salmon et al. (1977) have reported in detail on the accuracy of the transducer. An APT-16 transducer is an electromagnetic type transducer in which an, AC current is passed through the primary coil to produce a magnetic field. A metallic core is connected to the plunger and responds to the pressure by moving through the magnetic field, inducing an electric current. The movement is used to calculate ICP, based on a proportional relationship with electric current. The disadvantages of this transducer are the height of coil required to produce the magnetic field, an unstable fixation of the transducer on the anterior fontanelle due to the weight of the coil, and also the possibility of other resultant forces, such as strain on the X or Y axes, by the central core.
The F. P. sensor is similar to the APT-16 transducer in principle of operation and accuracy, however the F. P. sensor is 12 mm high and weighs 15 g. This is less than half the height and weight of the APT-16 transducer (24 mm and 36 g). Thus it is easily fixed on the anterior fontanelle and seems most suitable for continuous measurement of TOP over several hours. Also it is less expensive than the APT-16 transducer.
Wealthall and Smallwood (1974) cornpared the TOP via the anterior fontanelle and the intraventricular pressure by ventricular puncture.
Only a small difference was noted which was expressed by Y= 0.97X+7.6 (p0.001).
This small error in measurement should not be a problem. A small pressure from fixing the transducer on the anterior fontanelle could produce this error.
Measurements of the extradural TOP, utilizing the coplanar measurement theory by Imbert-Fick's principle, also involves a problem at the point of measurement, apart from the difference between the scalp and the dura mater. Major et al. (1972) described the relationship between the tonometer depth and the TOP from a model experiment in which there was 3 stages, i.e. (1) aflattened membrane surface, (2) point of coplanar attachment, and (3) region producing an increase of inner pressure with increasing depth of the tonometer. It was decided that the point of coplanar attachment was the most suitable point for measurement. Ikeyama et al. (1976) stated that the artificial increase of the TOP was not due to the pressure buffer system of the blood vessels or cerebrospinal fluid cavity, if the depth of compression by a tonometer is small. Therefore measurement is possible even in region 3 as defined by Major et al. (1972) . Schettini (1975) determined the relationship between the depth of the tonometer and the ICP in animals, and regarded the measurement possible in the region producing a sudden increase of pressure with relatively stable amplitude. The F. P, sensor was fixed to the anterior fontanelle by the tension of a rubber ring. This should correspond to stage 2 or 3. This method of fixation does not result in an increase of the ICP by movements made during measurement.
However, if the ICP is greatly increased, the buffering actions of the intracranial vein and cerebrospinal fluid cavity are small, and fixation of sensor by compression may increase the TOP artificially.
In clinical practice, the pressure of fixation has little influence in newborns with elastic anterior fontanelles. As the anterior fontanelle hardens with age, or as the TOP is increased markedly, the elasticity of the anterior fontanelle is lost, the area applanated by the transducer is irregular, and the conditions are no longer appropriate for use of the applanation method. Fig. 12a .
View of the F. P. sensor from the side. Consequently, the intracranial pressure is markedly influenced by the fixation pressure. The error in the steady state pressure may be as large as 60 mmH2O.
Measurement of the ICPs in older infants and infants with expremely high pressures must be investigated further in the future.
The applanation method of fixation may be improved by using different adhesives (Fig. 12) . In addition, the height and weight of transducer have been reduced as much as possible to make it suitable for continuous recording of the ICP. Instead of the electromagnetic type APT-16 transducer, an F. P. sensor using strain gauges has been developed, but the
